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ABSTRACT 
Photochromic semicarbazones are an interesting group of compounds that show 
potential in a broad range of applications, including as a more environmentally friendly 
replacement for photochromic metal complex compounds. Previous work has shown the 
feasibility to synthesize photochromic cinnamaldehyde semicarbazones (CSCs) from a 
benzaldehyde and a protected acetaldehyde Wittig reagent. A new, quicker, and 
cheaper approach to constructing these CSCs from crotonaldehyde was explored in this 
research. A three reaction sequence would convert crotonaldehyde to a CSC; first, an 
allylic bromination of the semicarbazone with N-bromosuccinimide (NBS); second, an 
Arbuzov reaction to prepare the semicarbazone phosphonate; and finally a 
condensation of this phosphonate with a benzaldehyde. The first step of synthesizing 
crotonaldehyde semicarbazone was successfully achieved in a 97.2% yield (68.5% for 
the analogous thiosemicarbazone). However, over 20 attempts at the second step 
involving the allylic bromination of the semicarbazone were made, with various solvents, 
halogenation sources, radical initiators, reaction times and temperatures, but with no 
success. Each reaction yielded a complex mixture of several new compounds, none of 
which appeared to be the desired 4-bromocrotonaldehyde semicarbazone. 
The bromination conditions were proved viable by reaction of 1-hexene and 
methyl or ethyl crotonate with NBS or dibromodimethylhydantoin (DBDMH) to 
successfully give the bromine substituted product, although the use of DBDMH also led 
to dibrominated addition across the double bond with the crotonates. The products were 
confirmed by both 1H and 13C NMR and GC/MS analysis. The results suggested that the 
problem was in the semicarbazide substrate and not the reaction conditions. 
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With this in mind, additional crotonaldehyde analogs with various imino groups 
were synthesized and subjected to the same bromination conditions. To this end, 
methyl (2-butenylidene)hydrazinocarboxylate (49% yield), crotonaldehyde dinitrophenyl-
hydrazone (67% yield), and 2-cyclohexen-1-semicarbazone (44% yield) were 
synthesized. Bromination with NBS gave the desired product for the cyclohexenone 
substrate. However bromination of the methyl hydrazinocarboxylate gave a mixture of 
the allylic substitution product, the dibromide addition product, and a dimer. Reaction of 
the dinitrophenylhydrazone gave an allylic bromination product, but with the hydrazino 
group oxidized to an azo group and with migration of the double bond. These results 
suggest that the H off the imine carbon, and the NH in the hydrazine group, are 
responsible for preventing successful bromination of crotonaldehyde semicarbazone. 
Attempts were made to synthesize and brominate other crotonaldehyde analogs, such 
as the methylimine, the oxime (hydroxylimine), the cyclohexylimine, the hydrazone, and 
the 2-aminoethylimine. None of these starting materials were successfully prepared, 
either with traditional solution condition or with solventless techniques, and this is most 
likely due to the high solubility and instability of these compounds. 
To further test the route, the third step, phosphorylation of an allylic bromide, was 
carried out on ethyl 4-bromocrotonate with high yield (91.7%). There are many 
examples in the literature that suggest the next proposed reaction, a Horner-
Wadsworth-Emmons condensation with a benzaldehyde, would have yielded the 
cinnamaldehyde compound as desired. This provides evidence that the proposed 
synthetic route has great promise, if the bromination step could be achieved with a 
reasonable yield. 
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INTRODUCTION 
Semicarbazones (3a) and thiosemicarbazones (3b) are two familiar derivatives of 
aldehydes and ketones formed by reacting the carbonyl with either a semicarbazide or a 
thiosemicarbazide, respectively (Figure 1 ). These compounds have shown potential in 
medicine, as the semicarbazones have significant anti-protozoa! and anti-convulsant 
activity, while the thiosemicarbazones have anti-bacterial, anti-fungal, anti-cancer, and 
anti-viral activity.1•2 Examples include the semicarbazone or thiosemicarbazone of 1-
and 2-indanone, 1- and 2-tetralone, 1-benzosuberone, and various diphenylketones. 
H 
+ HzN'Nl(NH2 ___ __ 
x 
1 2 3 
2a X = 0 semicarbazlde 3a X = 0 semicarbazone 
2b X = S thiosemicarbazide 3b X = S thiosemicarbazone 
Figure 1: Formation of semicarbazone and thiosemicarbazone derivatives. 
This study is more interested in the fact that certain semicarbazones and 
thiosemicarbazones also exhibit a property known as photochromicity, which is the 
ability of a compound to reversibly change its hue upon exposure to I removal from 
light.3•4 This light-induced, reversible change in color of photochromic compounds has 
found numerous applications both in industry and biology. One very familiar application 
of photochromic compounds are the optical lenses in Transitions® eyewear. The 
photochromic chemical coating in Transitions® lenses changes its structure upon 
exposure to ultraviolet light, causing the tenses to darken and thereby transmit less light 
to the eye. Upon removal from ultraviolet light exposure, the compounds return to their 
relaxed state and the lenses return to clearer appearance, allowing more tight to reach 
the eye.5 Similarly, this technology has been applied in thin films to reversibly tune laser 
11 
wavelengths. 6 Photochromic compounds have also been applied in the field of biology 
and medicine as blockers for voltage-gated potassium channels.7 
To date, many of these applications, such as the eyeglasses mentioned above, 
utilize inorganic materials, with the photochromic effect resulting from a charge transfer 
in the oxidation state of certain 4th row transition metals such as Cr, Co, or Mn (i.e. cr3+ 
~ Cr4+).8•9 However, recent focus has explored using organic photochromic compounds 
as a replacement for inorganic compounds. 
With regard to sunglasses, an advantage of organic photochromic lenses is that 
they are more comfortable to wear due to the fact that they are lighter than their 
transition-metal based counterparts. The downside of the organics, however, is that 
they have a limited lifetime compared to the inorganic lenses.10 Regardless, the market 
for lighter, easier to wear lenses exists. Additionally, development of organic 
photochromic compounds in computer and electronic equipment for optical memory 
systems and optical switches, as well as providing variable electrical current, facilitating 
ion transport through membranes, and control of wetting are at advanced stages.5•6•7 
One specific group of organic photochromic compounds that has been studied is 
cinnamaldehyde semicarbazone and its derivatives. The reversible photochromicity 
(termed "phototropy" at the time) of these compounds was first reported by J.M. Heilbron 
et a/.11 (Figure 2). Heilbron observed that cinnamaldehyde semicarbazone (4a) was 
photochromic, and that modification of the structure by adding methoxy or nitro groups 
changed this photochromicity. In addition, the location of the methoxy group on the 
phenyl ring (ortho-, meta-, or para-) had a great effect on the level of photochromism 
observed. They concluded that an electron-donating group in the ortho (4b) or para (4d) 
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position will increase or decrease the photochromicity, respectively, while an electron-
donating group in the meta position (4c) or an electron-withdrawing group in the ortho 
position (4e) will delete the photochromic effect. 
a R=H 
b R=o-OMe 
c R=m-OMe 
d R=p-OMe 
e R=o-N~ 
Figure 2: Cinnamaldehyde Semicarbazones studied by Heilbron et a/.11 
Recent work by John Saathoff at EIU has shown that with polymethoxylated 
cinnamaldehydes, the photochromicity depends more on the position of the groups than 
their number.12 Saathoff also showed that hydroxy groups promoted photochromicity 
more than methoxy groups, and that the photochromicity increased with additional vinyl 
units between the phenyl and semicarbazone groups (so called "extended" derivatives). 
Finally, the work of Xiao Xiao, also at EIU, showed that polyaromatic and hetero-
aromatic analogs of cinnamaldehyde semicarbazone also displayed photochromicity 
that varied depending on the identity and location of the heteroatom (Figure 3).13 
~ NH N'~'VNH2 
N' 'V 2 II 
8 ~:::::,...' 0 I 
Meo OMe HO ~ 
Figure 3. Photochromic cinnamaldehydes made at EIU by Saathoff12 and Xiao 13• 
13 
Saathoffs initial approach to building the extended derivatives of cinnamalde-
hyde semicarbazone was via an iterative Wittig condensation strategy, adding one 
double bond at a time to the conjugated system. This approach was achieved by 
starting from a benzaldehyde (5) or cinnamaldehyde (n ~ n+1 ~ n+2). After a Wittig 
olefination using a dioxolane-protected formylmethyltriphenylphosphonium ylide, treat-
ment with HCI removed the acetal and gave an extended aldehyde (6) that either 
underwent another Wittig cycle (to give the exended aldehyde 7), or was reacted with 
semicarbazide HCI to obtain the desired semicarbazone (8) (Figure 4). 
MeO 
K2C03 ~ 18-cr-6 2. HCI MeO 
OH 
19% 
5 
K2C03 
18-cr-6 ~o 
2. HCI 
OH 
6 
8 
semicarbazide HCI 
NaOAc 
27% 
71% 
7 
sernicarbazide HCI 
NaOAc 
36% 
9 
Figure 4: Example of the iterative strategy used by Saathoff for JMS 18-14 and 18-19. 
While this strategy did afford the desired compounds, it was very material and 
time-intensive. In order to obtain 97.4 mg of the extended semicarbazone 9, almost 3g 
of the Wittig reagent was needed, as well as two silica gel columns. For these reasons, 
a more practical approach to building extended semicarbazones is needed. 
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Thus a convergent approach to extended cinnamaldehyde semicarbazones was 
explored by both Saathoff and Xiao, which involved a single condensation reaction 
between a four-carbon phosphonate and the benzaldehyde (Figure 5).12.13 
~ H 
(EtOhP~o . N'Nf(NH2 
1. NaH :::::,.... :::::,.... ~ . ~ O Meo~0 --~-----~~.-------=~o --::,y 
OH OH OH 
5 7 9 
Figure 5. Convergent approach to extended semicarbazones. 
The synthesis of the four-carbon phosphonate was based on the synthetic route used 
by Sun et al. to make phospholipids (Figure 6). 14 
10 
0 
II 
(EtOnP~o 
15 
[ox] = PDC (0%) 
[ox] = Mn02 (52%) 
TBDMSCI, 
DMAP,imid 
or 
AcCl,imid 
SOCl2, pyr 
or 
HO~OPG X~OPG 
1. MsCI, E~N 
11 
PG =TBS (90%) 
or Ac (78%) 
2. Nal 
0 
11 HCI 
12 
X =Cl, PG= TBDMS (61%) 
X= I, PG =Ac(61%) 
l P(OElh 
[ox] 
.. (EtOnP~OH ..... t----
0 (EtOn~~OPG 
14 
from TBDMS (87%) 
from Ac (47"/o) 
13 
PG = TBDMS (73%) 
PG=Ac (65%) 
Figure 6. Saathoff and Xiao's modification of Sun et al. synthesis.12•13 
Due to this being a lengthy sequence and difficulties with the oxidation step at 
the end, a shorter route, going from crotonaldehyde semicarbazone to the phosphonate 
via a halogenated semicarbazone deserves research. This would access the final 
extended photochromic compound in four steps total, without using protecting groups. 
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With this in mind, the research project herein explored a "reverse assembly" 
approach as outlined below, beginning with reagent grade crotonaldehyde (18) (Figure 
7). Crotonaldehyde will be treated with semicarbazide HCI to form the semicarbazone 
as the first step in building the extended cinnamaldehyde semicarbazones, instead of as 
the last step. After an allylic bromination, a Michaelis-Arbuzov reaction would give the 
phosphonate (16).15 The final step would be a Horner-Wadsworth Emmons reaction 
with benzaldehyde to form the extended cinnamaldehyde semicarbazone. If successful, 
this new "reverse assembly'' approach will prove an easier route to building organic 
semicarbazones for future research and application. 
Meo 
H 
,N NH2 1 [B] N I( cpd5 H • r H 
O base ,N NH2 2. (MeO),P ,N NH2 
•-------· 0 N I( •-------- N I( (MeOk~~ 0 N 0 
OH 9 16 17a 
• ' 
' 
' 
' 
' 
0 
N 
18 
Figure 7. Proposed new synthetic route to building extended cinnamaldehyde semicarbazones. 
Allylic brominations have become quite trivial in modern chemistry and are most 
commonly carried out using NBS as the bromine source. These radical reactions using 
NBS are known as Wohl-Ziegler brominations, 16 and typically a non-polar solvent is 
utilized. In the past, CC14 was chosen. However, due to environmental concerns, other 
non-polar solvents such as benzene are better choices. The difficulty and limitations in 
choosing a solvent for this reaction is that it should not be prone to addition reactions 
and does not have allylic or benzylic positions that can be brominated instead of the 
16 
desired substrate. The halogenation reaction is facilitated by an initiator to give the initial 
free radicals, such as tert-butyl peroxybenzoate (tBPB) or, to a lesser extent, UV light. 
Another effective initiator is azobis(isobutyronitrile) (AIBN), which gives the advantage 
of irreversibly decomposing to nitrogen gas and cyano radicals when heated. 
Dauben and McCoy discovered that allylic bromination reactions are highly 
sensitive to free-radical initiators and inhibitors.17 In fact, these reactions do not even 
occur without at least a trace amount of an initiator being present in order to form the 
first Br radical. Their work also demonstrated that this reaction begins with the bromine 
atom abstracting an allylic hydrogen from the substrate molecule (Figure 8). This first 
step only requires the presence of small amounts of Br· radical. 
initiation step 
0 0 Q'i.r -- ~·· + ·., 
0 0 
(step 0) 
er' 
+ ,-~~-;~0 ___.. H-Br + ~ 
H 
(step 1) propagation steps 
0 
~N~HQ, __ 
0 
c$-H 
0 
+ Br-Br (step 2) 
' 
+ Br:-Br 
___.. ~ + Br (step 3) 
Br 
Figure 8. Mechanism of allylic halogenation with NBS. 
In Step 2, Br2 and succinimide are created by a fast ionic reaction between the HBr 
created in Step 1 and NBS. Thus NBS serves as a source of Br2 by using up the HBr 
created early on in the reaction. 18 Also in this third step, the newly formed carbon radical 
17 
of the substrate abstracts one Br radical from Br2 to form the allylically brominated 
product. This mechanism is supported by the fact that Br2 and NBS demonstrate similar 
selectivity. as do other similar N-bromo amides.19· 20. 21 However, NBS is chosen over 
Br2 due to the fact that NBS is highly regioselective for the allylic position (as well as the 
a position to a carbonyl or C=C and benzylic position on an aromatic ring). NBS is also 
preferred because it forms Br2 at a slow rate and consumes the HBr formed. These 
factors are the reason that NBS brominates allylically instead of by adding Br atoms 
across the double bond. With no HBr available, the addition reaction cannot proceed. 
With only a small amount of Br2 present, the probability is so low that another Br radical 
will be available for radical addition across the double bond of the radical intermediate, 
and the substrate will revert back to the initial species. If Br2 is used, the double bond 
would likely be broken by either electrophilic or radical addition. 
Allylic brominations of alkenes are easy processes in most cases, as opposed to 
brominations of alkanes, which require a high amount of energy or an additional metal-
based catalyst. Unsymmetrical alkenes, such as 1-butene, can produce mixtures of 
brominated products due to rearrangement of the double bond. In symmetrical alkenes 
this rearrangement does not lead to a different intermediate, so only one product is 
produced. An initial literature search found no reported allylic brominations of this 
compound, although a Br2 addition reaction has been performed with good results.22 
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RESULTS AND DISCUSSION 
1. Preparation of Semicarbazone Starting Materials 
The first step in building photochromic semicarbazones from crotonaldehyde (18) 
was an easy and straight-forward process with ample literature precedence. 
Crotonaldehyde semicarbazone (17a) was prepared by dissolving semicarbazide HCI 
(2a) in deionized water with stirring, and adding liquid crotonaldehyde via syringe 
(Figure 9). Upon addition of the aldehyde, the solution almost immediately became 
cloudy with formation of the semicarbazone. This repeatedly resulted in yields over 
95% after recrystallization in 1:1 MeOH : H20. Melting points of 197.1 - 200.3 ·c 
indicated a pure compound (literature m.p. = 199.1 °C).11 The key features in the NMR 
spectra (Appendix Spectrum I) for evaluating the success of this reaction are a methyl 
doublet at 1.74 ppm and a vinylic doublet of quartets at 5.9 ppm in the 1H NMR, as well 
as a methyl at 18.07 ppm in the 13C NMR (done in CDCl3). This reaction was done 
initially with 0.87 g of crotonaldehyde and later scaled up to 1 Og without affecting yield. 
This reaction worked equally well for o-methoxycinnamaldehyde semicarbazone (72% 
yield), which was synthesized prior to crotonaldehyde semicarbazone to verify previous 
work done and confirm reaction conditions were correct. 
0 
~ 
18 2a X=O 
2b X=S 
17a X=0,97% 
17b X=S,69% 
Figure 9: Semi- and thio-semicarbazone synthesis from crotonaldehyde. 
Initially, crotonaldehyde thiosemicarbazone (17b) was synthesized using the 
same process, but this resulted in lower yields (65.8% vs 95% for crotonaldehyde semi-
19 
carbazone) after recrystallization. This was thought to be due to the fact that the semi-
carbazide was used in the HCI salt form whereas the thiosemicarbazide was used in the 
"free base" form. The HCI present in the semicarbazide could be acting as a catalyst to 
promote the reaction, and was absent in the thiosemicarbazone reaction. So a different 
preparation was attempted with 6M HCI added as a catalyst, but this resulted in even 
lower yield of 39%. Another difficulty in obtaining high yields was in the recrystallization 
step, as due to the increased solubility of the thiosemicarbazone, it proved challenging 
to get the product to precipitate out of solution. The little compound recovered was of 
relatively high purity with a melting point of 140.8 - 144.1 °C.23 Because of this lack of 
starting material, bromination attempts of the thiosemicarbazone were limited. 
2. Brominations of Crotonaldehyde semicarbazone 
The next step, bromination of both crotonaldehyde semicarbazone and thiosemi-
carbazone (Figure 10), proved to be much more challenging and problematic. The initial 
attempt (Table 1.1, Entry 1) used refluxing acetonitrile as the solvent along with a small 
portion of Na2C03 to neutralize the HBr formed as a byproduct. 16 The clear solution 
turned orange with the NBS addition, that faded to yellow and changed to a brown color 
after a few hours. After heating overnight a solid "ball" of a paste-like substance formed. 
After work up, the 1 H NMR spectrum showed mainly semicarbazone starting material 
and solvent. The vinylic peaks had not shifted downfield, and the vinylic signal around 
solvent 
17a 19 
Figure 10: Bromination of crotonaldehyde semicarbazone. 
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Table 1.1: Initial Attempted Brominations of Crotonaldehyde Semicarbazone. 
£n.!.!y Exgeriment Solvent Reaction Time Initiator Lamg (Y[N} 
1 BRE-1-12 CH3CN 24 hours None N 
2 BRE-1-18 CH3CN 24 hours tBPB N 
3* BRE-1-27 CH3CN 24 hours tBPB N 
4 BRE-1-41(1) CH3CN 4 hours tBPB y 
5 BRE-1-41(11) Benzene 4 hours tBPB y 
6 BRE-11-21 CCl4 24 hours AIBN y 
All reactions were done by adding 1.0 equiv of NBS to semicarbazone, under a N1 atmosphere and heating 
at reflux. 
* NBS dissolved in CH3CN with heating prior to addition of the semicarbazone. 
* NBS dissolved in CH3CN with heating prior to addition of Croton SC 
6 ppm remained a doublet of quartets instead of a doublet of triplets, indicating it was 
adjacent to a methyl not methylene. Additionally, there was no new allylic peak around 
4ppm integrating for 2 hydrogens, which would indicate the expected product. In the 
13C NMR, there were no new signals between 45 and 80ppm for a brominated carbon. 
After the first failed attempt, tert-butyl peroxybenzoate (tBPB) was added as a 
radical initiator to improve the chances of allylic bromination by aiding in the formation of 
free radicals (Table 1.1, Entry 2). The addition of tBPB produced many more products 
than did reactions done without it, as indicated by TLC and NMR spectra (Figure 11 ). 
However, these spectra showed no indication of the desired brominated crotonaldehyde 
semicarbazone. Just to be sure that the product wasn't left behind in the solid material 
in the funnel, a 1 H NMR spectrum of this was obtained but it had no meaningful peaks. 
It was observed in this reaction that the NBS did not fully dissolve upon addition, 
so for the next attempt (Table 1.1, Entry 3), the order of addition was reversed, in that 
the NBS was dissolved in acetonitrile first, and then the crotonaldehyde semicarbazone 
was added. This change produced fewer products, but not the sought after one. Next, it 
was thought that the darkening of the solution could be an indication of overreaction, so 
for the subsequent reaction, the time was shortened from 24 to 4 hours. This shortening 
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to 4 hours or less gave reaction mixtures that were a dark orange or brown instead of 
the black colors observed when the reaction was run overnight. Shorter reaction times 
also led to fewer peaks in NMR spectra, but, again, no desired brominated product. 
Additionally, a 100-watt lamp was placed over the reaction to further encourage 
free-radical formation (Table 1.1, Entry 4). These changes did not result in the desired 
brominated product. At this time, the same conditions and alterations were used with 
the thiosemicarbazone, but these yielded no positive results either. 
With the limited amount of the thiosemicarbazone available and since, ultimately 
the semicarbazone was the desired compound to be carried through the reaction 
sequence, further experiments were carried out on crotonaldehyde semicarbazone only. 
These initial reactions were done in acetonitrile (dielectric constant of 36.64), a 
polar aprotic solvent that the semicarbazone was very soluble in (it had limited solublity 
in other organic solvents). A literature search revealed that allylic bromination reactions 
were more often carried out in CC'4, a non-polar solvent.16 Other studies on the role of 
solvent showed that acetonitrile could be providing an allylic site for bromination and 
this could be the reason the brominations were not working as expected, so a different 
solvent was tried in the next attempt. 15· 24· 25 Due to modern environmental concerns and 
its high potency as a hepatotoxin, CC14 was not a viable choice, so benzene, another 
non-polar solvent with a similar dielectric constant to CCl4 (2.24 for CC14 vs. 2.28 for 
benzene) was chosen. Changing the solvent (Table 1, Entries 5 & 6) did nothing to 
lessen the number of products observed or lead to the formation of brominated semi-
carbazone. Later on, one bromination was attempted in CC14, but the same products 
were observed as in benzene, so the remaining reactions were all done in benzene. 
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However, while benzene did not dissolve the semicarbazone quite as easily as 
acetonitrile, it was much more easily removed, as discovered in the NMR spectra. This 
easier removal allowed the crude reaction mixtures to be analyzed directly after removal 
of the solvent, and eliminated the possibility that the brominated product was being left 
behind in the aqueous washings. 
Carrying out these early reactions at reflux produced very dark mixtures and tar-
like substances, suggesting heat was detrimental to the reaction. This could be due to 
decomposition of the reagents I products. These complex mixtures made it difficult to 
analyze the spectrum, as seen in Figure 11. There appear to be at least 5 methyl 
doublets, and many peaks in the vinylic region. So further work was performed at lower 
temperatures, which gave reactions that were lighter in color, showed fewer spots when 
monitored by TLC, and gave yellow to orange products (Entries 7-10 Table 1.2). 
Table 1.2 Initial Brominations in Benzene. 
Entry ExQeriment Tem12erature Reaction Time Eguiv. NBS Eguiv. Croton SC 
7 BRE-1-46(1} Room Temp. 24 hours 1 1 
8 BRE-1-46(11} Ice bath o0 c 4 hours 1 1 
9 BRE-1-52 Ice bath > o° C 4 hours 1.3 1 
10 BRE-1-56 Room Temp. 4 hours 1 1.5 
All reactions were done in benzene with a tBPB initiator. 
While the NMR spectra did show less peaks meaning fewer products, surprisingly they 
were still not completely clean, remaining clustered and difficult to interpret (Figure 12). 
Since the solution froze solid when placed in an ice bath (m.p. of benzene = 5.5 °C) 
(Entry 8 Table 1.2), future reactions were carried out at room temperature. Altering the 
reactant ratios to use either the semicarbazone or NBS in excess (1 :1.3) did not have 
any effect on improving reaction results (Entries9 and 10 Table 1.2), with the exception 
of excess starting material appearing in spectra. 
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BRE-1-41-
7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 
Chenical Stilt (ppm) 
Figure 11. Key expansions of 1H NMR spectrum of unsuccessful bromination attempt in refluxing 
benzene (BAE 1-41-11). 
In early experiments, tert-butyl peroxybenzoate was used as the initiator, but in 
some experiments, tBPB was observed as the dominant compound the in product 1 H 
and 13C NMR (matching literature data), even after washing. 26 This suggested that the 
tBPB was not forming initial free radicals as it should, and this could be why the reaction 
was failing. The radical initiator was changed to azobisisobutyronitrile (AIBN) (Figure 
13), which in addition to being a more reactive initiator, was much more easily removed 
during washing and did not show up in product spectra {Table 1.3, entry 11). This 
AIBN 
Figure 13. Free radical initiators used. 
suggested that the AIBN did form initial free radicals and its breakdown products were 
removed in the workup. However in AIBN reactions, the observed color change in the 
reactions was more rapid, going from clear to orange to yellow in a matter of minutes. 
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Table 1.3 Bromination attempts using AIBN or no initiator used, and with varying times. 
Entry Ex~eriment Tem~erature Reaction Time 
11 BRE-1-63 Room Temp. 5 hours 
12 BRE-1-61 Room Temp. 4 hours 
13* BRE-1-70 Room Temp. 5 hours 
14 BRE-1-72(1) Ice bath 2 hours 
15 BRE-1-72(11) Room Temp. 15 minutes 
16 BRE-1-88(1) Ice bath 2 hours 
17 BRE-11-14(1) Room Temp. 4days 
All reactions were done in benzene with NBS as the Br source. 
* Excess benzene 
Initiator Lam~ {YLN} 
AIBN N 
none y 
none y 
none N 
none N 
none y 
tBPB y 
Reaction monitoring by TLC also indicated some of the initial products formed 
subsequently disappeared and perhaps reacted further to give polymeric structures. 
Due to these observations, some experiments (Table 1.3, entries 12-16) were carried 
out without AIBN to avoid further reactions of the presumed desired brominated croton-
aldehyde semicarbazone. But without any initiator a reaction was unlikely to occur, so 
again the lamp was used, to see if it was an effective initiator for reactions. 
BRE-1-
7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 
Chemical stilt (ppn) 
Figure 12. Key expansions in 1H NMR spectrum of unsuccessful bromlnatlon attempt in benzene 
at 0 °C (BRE 1-46-11). 
The next hypothesis was that perhaps the bromination reaction was happening 
very early after mixing the reactants, so a decrease in reaction time from 5 hours down 
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to 15 minutes was applied (Table 1.3, entries 13-16). At this stage, GC/MS began to be 
used for analysis since the earlier experiments produced congested and confusing NMR 
spectra with multiple products. The GC would separate out individual products, and the 
MS would provide the molecular ion data for speedy identification of the compounds. 
Additionally brominated products would be easily identifiable by the presence of M+2 
peaks. However comparison of NMR and GC/MS spectra of shorter versus longer 
reaction times did not show any notable differences. Alternatively, the presence of 
starting material in the spectra suggested incomplete conversion, so reactions were run 
for extended periods (multiple days, Table 1.3 entry 17). Again these reactions did not 
show any better results than reactions run between 4 and 24 hours. 
With no initiator or light used, the little color change that was observed occurred 
at a very slow rate (Table 1.3, Entries 14 & 15). So a short-duration experiment with 
light and AIBN was attempted (Table 1.4 entry 18), side-by-side with a 24-hr reaction 
(Table 1.4, entry 19). Clearly observable color changes occurred in both reactions but 
little difference was observed in collected spectra. 
Table 1.4: Time comparison brominations using AIBN and light initiators. 
£!!!!y Ex(!eriment Solvent Time 
18 BRE-11-26 Benzene 24 hours 
19 BRE-11-28 Benzene 2 hours 
All reactions were carried out in benzene with NBS, AIBN, and lOOW lamp. 
To see if the brominating agent was the reason for the failed reactions, a second 
brominating agent, 1,3-dibromo-5,5-dimethylhydantoin {DBDMH) was also explored as 
a replacement to NBS (Table 1.5, entry 20). Comparing this reaction to those using 
NBS, NBS was easier to work with and gave fewer products. NMR spectra from these 
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reactions had even more peaks than when NBS was used, which still could not be 
interpreted. So it was concluded that DBDMH was more reactive and less selective, 
giving more products in total, as seen also in section 3. 
Table 1.5 : Halogenations using hydantoin compounds. 
f!!!rt Ex~eriment Halogen Tem~erature Reaction Time Initiator 
20 BRE-88-(11) Br Ice bath 2 hours none 
21 BRE-1-55 Cl Room Temp. 24 hours tBPB 
22 BRE-1-67 Cl Room Temp. 24 hours AIBN 
All reactions were carried out in benzene solvent; DBDMH as the bromine source; DCDMH as the 
chlorine source; and using a lOOW lamp. 
In addition, two attempts at chlorination with the analogous DCDMH were made 
(Table 1.5, entries 21 and 22). These reactions were performed to see a different 
halogen would work better (or differently) from Br. The DCDMH gave the same 
problems as observed with DBDMH. GC/MS showed the dominant products from 
chlorination reaction were the radical initiator, AIBN (RT= 5.68 min), and 5,5-dimethyl-
hydantoin (RT = 7.78 min), the breakdown product of the chlorinating agent. This 
suggested complete initiation did not occur. For the reactions that did get going, the 
free Cl atom from DCDMH failed to react with the alkene and give the desired product. 
Since these reactions gave complex mixtures of compounds, it was difficult to 
say with certainty what was occurring. The NMR analysis yielded very convoluted 
spectra with numerous overlapping peaks. The GC/MS analysis was not as helpful as 
anticipated, as the crotonaldehyde semicarbazone had a RT of 8.4 minutes and eluted 
poorly at 185 °C. Since somewhat strenuous conditions were required for elution of the 
non-brominated compound, any brominated product would be even more difficult to get 
through a column due to its higher boiling point. So even with GC/MS analysis, it was 
difficult to be sure exactly was happening in these reactions. 
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3. Brominations of 1-Hexene and Alkyl Crotonates 
Given the lack of clean, successful allylic brominations of crotonaldehyde 
semicarbazone, it was deemed imperative to attempt some allylic brominations from 
literature using different substrates. This would ensure that the bromination technique 
used on crotonaldehyde semicarbazone was viable and that the problem was with the 
substrate not the technique. To this end, 1-hexene (20) was treated with 1.5 equivalents 
of NBS under the same reaction conditions as used with crotonaldehyde semi-
carbazone (Figure 14). This reaction successfully brominated the hexene as indicated 
by a quartet centered at 4.46 ppm in 1H NMR spectrum (Appendix Spectra Ill and IV). 
This signal was in the correct region for a hydrogen on a carbon bearing a bromine, and 
agreed with the literature data for 3-bromo-1-hexene (21a).27 Also, a signal at 53.2 ppm 
for the halogenated carbon in the 13C NMR spectra matched that reported in the 
literature. In addition, in the 1H NMR spectrum in the region for halogenated CHs, there 
were two pairs of doublets centered at 3.91 and 3.95 ppm. This suggests migration of 
the double bond, and the shifts matched those reported for cis- and trans-1-bromo-3-
hexene (21 b).27 These would be of the allylic rearrangement products, which is not 
unexpected as shifting of the double bond commonly occurs in halogenations. 
Br 
~ + Br~ 
20 21a 21b 
Figure 14. Bromination of 1-Hexene 
Having established the bromination conditions were viable, this same method 
was attempted on an a,~-unsaturated carbonyl substrate, methyl crotonate (22a), since 
this substrate more closely resembles crotonaldehyde semicarbazone (Figure 15). The 
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1 H spectrum provided proof of the brominated product (23a) with a doublet of multiplets 
at 4.01 ppm for the brominated methylene and a doublet of triplets for the (3-vinylic 
hydrogen at 7.02 ppm (Appendix Spectrum V). Also in the 13C NMR spectrum there 
was a peak at 29.01 ppm for the brominated methylene. This data matched the 
literature spectra for methyl 4-bromocrotonate.28 Methyl crotonate was also brominated 
successfully in a 24% yield (not optimized) using dibromodimethylhydantoin (DBDMH), 
which gave very similar spectra to the NBS brominated compound. 
Only a small amount of methyl crotonate was available and due to its high cost, 
the same reaction was attempted on ethyl crotonate to verify reaction conditions and 
reaction reliability. Ethyl crotonate (22b) was successfully brominated with NBS using 
the established conditions, as evidenced by the presence of a singlet around 5.3 ppm in 
the 1H NMR spectrum (Appendix Spectrum VII). Yet the presence of another quartet 
around 6 ppm with similar integrations indicated that there was a 50:50 ratio of starting 
material to product. The bromination was successfully performed using DBDMH as well. 
However, GC/MS analysis indicated the presence of a dibrominated product (24) (RT = 
6.92 min) along with the allylic mono-brominated product (23b) at (RT = 6.36 min) in a 
1 :4 ratio. The dibrominated product suggested that DBDMH did not just brominate at the 
allylic position, but also added across the double bond. This dibrominated product also 
appeared when NBS was the brominating agent but in much lower amounts (1 :6) 
compared to the monobrominated product. 
0 
~OR 
22a R=Me 
22b R=Et 
NBSorDBDMH 
tBPB 
Na2C03 
0 
Br~OR 
23a R=Me 
23b R=Et 
Br 0 
+~OR 
Br 
24 R=Et 
Figure 15. Bromination of alkyl crotonates in benzene. 
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Since it was now known that ethyl crotonate was successfully brominated, this 
reaction was run in parallel with the bromination attempts of crotonaldehyde semicarb-
azone to make sure conditions were favorable for bromination. EIU's stockroom only 
had a limited amount of ethyl crotonate, but larger amounts were necessary for the 
parallel brominations so it was decided to synthesize ethyl crotonate by a Fischer 
esterification from crotonoic acid and ethanol (Figure 16). This was a straightforward 
process, giving 50-75% yields of high purity material after fractional distillation. The 
purity was evident in a 1H NMR spectrum with only 5 signals, and a 13C NMR spectrum 
with only 6 carbons, as expected (Appendix Spectrum VI). The purity was also 
confirmed in GC/MS with only one dominant GC peak with RT of 3.60 min, that had a 
molecular ion of 114 and gave a good match to the library mass spectrum. 
0 
~OH 
25 
EtOH 
H~4 
.. 
75% 
0 
~OEt 
22b 
Figure 16. Synthesis of ethyl crotonate from crotonoic acid. 
The successful bromination of 1-hexene and ethyl crotonate, contrasted to the 
complex mixtures from bromination of crotonaldehyde semicarbazone, suggested that 
something in the semicarbazone group itself is either reacting during the bromination or 
is hindering I quenching the bromination process. It is also possibile that the C-1 
hydrogen (on the imine carbon) itself is responsible for preventing proper bromination. 
In searching the literature to see what was known on brominations like this, 
several references were found where semicarbazones (and tosylhydrazones) had been 
treated with NBS, but these were in deprotection reactions to regenerate carbonyl 
compounds.29 However, two brominations of semicarbazones were found, but these 
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were a-halogenations of dicarbonyl species and not allylic brominations. 3o. 31 Since no 
detailed literature was available on the subject of allylically brominating 
semicarbazones, attempts were made at brominating analogs of the semicarbazone to 
try and determine where the issue with performing the reaction lies. 
4. Bromination of 3-Penten-2-one and N,N-Dialkylcrotonaldehyde Semicarbazides 
To explore if the source of the bromination problem lies with the aldehydic unit, 
the bromination of 3-penten-2-one semicarbazone (28) would be useful. This 
compound essentially replaces the H off the carbonyl with a CH3 group without any 
other changes to the general structure. Since neither this material nor the ketone 
precursor was available, it had to be synthesized from the ketone (Figure 17). 
H 
0 
~ 
.... N NH2 
MeMgX OH [Ox] 0 N I( 
-----· ~ ------· ~ ------· ~ 0 
18 26 27 28 
Figure 17. Synthesis of 3-penten-2-one semicarbazone from crotonaldehyde. 
The first step involved preparation of 3-penten-2-ol (26) by reacting the prepared 
Grignard reagent methylmagnesium iodide with crotonaldehyde, and this was 
successfully performed in a 64% yield (Figure 18). 32 Given the ease of elimination of 
allylic alcohols, a mild acidic work-up was necessary, so saturated NH4CI was used to 
quench this reaction. Despite this precaution, the 1H NMR spectrum showed evidence 
not only for the product (26) (doublet at 1.68 ppm integrating for 3Hs), but also those for 
the diene (29), in a 4:1 ratio (Appendix Spectrum VIII). Due to time constraints, the 
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second step (oxidation) and third steps (formation of the semicarbazone) were not 
attempted. Thus the subsequent bromination of 3-penten-2-ol could not be attempted. 
While a literature search did not find an example of the bromination of this semicarb-
azone (28), a reference was found to the successful bromination of the parent ketone 
(27).33 This suggests, at this stage, that the aldehydic hydrogen could be the source of 
the difficulty in the bromination of crotonaldehyde semicarbazone. 
0 MeMgl OH 
~---;;;; ~ 
18 26 
+ 
29 
(4:1ratioof 
alcohol to diene) 
Figure 18: Reaction of methylmagnesium iodide with crotonaldehyde. 
To test whether or not the terminal amino group of the semicarbazide was 
interfering with the bromination, the bromination of N,N-disubstituted semicarbazones 
could be tested. These compounds would retain the crotonaldehyde portion, as well as 
the semicarbazone backbone, but replace the two hydrogens on the end nitrogen with 
alkyl groups. Since N,N-disubstituted semicarbazides are not commercially available, 
their synthesis was attempted via urea intermediates (Figure 19). 
An attempt was made to synthesize diethyl semicarbazide, which started with the 
preparation of N,N-diethylurea (31,R=Et) from the diethylamine and sodium cyanate. 
However, no product was recovered from this first step, likely due to the water solubility 
of the product. 34 So the second semicarbazide targeted was dipropyl semicarbazide, 
made from N,N-dipropyl urea (31,R=Pr), which with two more carbons would be less 
water soluble. This urea was successfully synthesized in a straight-forward manner 
involving the slow addition of a cyanate solution to the aniline in an acetic acid solution, 
and then the product was collected by filtration. Evidence for product formation included 
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1H NMR triplets at 0.91 and 2.78 ppm, a sextet at 1.67 ppm and a broad peak at 8.66 
for the amine bound hydrogens (Appendix Spectrum IX). Dipropyl urea was then further 
reacted with hydrazine HCI and K2CQ3 in 80% EtOH, but this failed to obtain the 
dipropyl semicarbazide. (Again this could be due to water solubility, as the addition of 
the final NH2 group might have overcome the effect of the additional carbons). 
30 31 32 33 
Figure 19: Attempted synthesis of N,~disubstituted semicarbazides. 
Since these semicarbazone analogs were not available, derivatives that maintain 
some or most of the general structure of the crotonaldehyde semicarbazone were next 
explored. The methyl hydrazinocarboxylate (35) was chosen since it contains most of 
the general structure of the semicarbazide except there is a methoxy group instead of 
an amine on the terminal end. This terminal methoxy group could therefore test if the 
terminal amine was interfering in the reaction. Thus the methyl hydrazinocarboxylate of 
crotonaldehyde was synthesized in 49% yield by reacting crotonaldehyde with methyl 
hydrazinocarboxylate (34) (Figure 20). 1H NMR spectral analysis indicated that this 
reaction was successful as a new broad 3H singlet at 3.74 ppm was observed, and the 
13C NMR spectrum showed additional carbons at 52.36 and 154.88 ppm (Appendix 
Spectrum X). GC/MS analysis gave one compound (RT= 7.68 min) with a molecular ion 
of 142, as expected for this compound. 
Three attempts were made to brominate this compound, which upon first glance 
seemed successful. In the second attempt, GC/MS determined there was a small 
33 
amount of the di-brominated product (RT = 11.3 min) in addition to the mono-brominated 
product (RT= 9.71 min), in a 10:1 ratio. In closer study of the 1H NMR spectrum, there 
seemed to be a significant amount of starting material left behind, except that the 
aldehyde hydrogen signal at 9.46 ppm was missing and the vinyl protons had shifted 
relative to the starting material. Additionally, there were no peaks matching the 
retention time of starting material (7.68 min) in the GC/MS, but there were two later 
peaks that appeared with molecular weights greater than 260. This is more than that of 
the starting material, and since there were no M+2 peaks, these products did not have a 
bromine. Since the coupling patterns in the 1 H NMR were the same as the starting 
material, this meant the CH3-CH=CH unit must still be present, but the difference in 
shifts meant there was some electronic change at the C-1 carbon. Collectively this 
suggested a dimer structure (38), which could have been formed by a radical cross-
linking of the imine carbon atoms (C 1) of the crotonaldehyde molecule. There are 
literature examples of such radical dimerizations, such as with acrolein, 3-methyl-3-
penten-2-one, and even crotonaldehyde itself, among others.35· 36· 37, 38· 39· 40 
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Figure 20: Synthesis and brominatlon of methyl (2-butenylidene)hydrazinocarboxylate. 
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5. Bromination of Various lmines 
The synthesis of several simpler imine derivatives of crotonaldehyde was also 
attempted, to further test whether the terminal NH2, the carbonyl, or the NH adjacent to 
the imine of the semicarbazone was interfering with the bromination. Attempts were 
made to condense ethylene diamine (43), ammonia (39), and hydrazine (40) with 
crotonaldehyde to test the role of the NH2 group, and to condense methylamine (41), 
cyclohexylamine (44), and hydroxylamine (42) with crotonaldehyde to test the role of the 
NH group (Figure 21). Initial attempts were carried out in alcohol or water solvents 
following the same or very similar procedures to the synthesis of crotonaldehyde 
semicarbazone, but little to no products were obtained. Most likely isolation was an 
issue for these compounds due to their high solubility in water. 
Later literature research suggested reattempting these reactions in a solventless 
manner, by grinding the reactants together in a mortar and pestle.41 This approach was 
somewhat successful for a few of the compounds, but led to vigorous overreactions for 
the others. Reactions with crotonaldehyde and hydroxylamine or methylamine resulted 
NH NNH2 NCH3 NOH ~ ~ ~ ~ 
39 40 41 42 
N~NH2 ND 
~ ~ 
43 44 
Figure 21 : Other imine compounds for allylic bromination. 
in a fast color change to a deep brown with a vigorous bubbling, while reactions with 
cyclohexylamine, hydrazine, or phenylhydrazine were less vigorous, resulting in a color 
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change to yellowish brown. Finally, reaction with 1,1-diphenylhydrazine resulted in a 
color change to green, but in none of these cases was the desired product recovered. 
After attempting the reactions, their failure was somewhat unsurprising given that the 
literature has already shown that many aldimines are unstable, with instability 
increasing as molecular weight decreases. 34 Literature research has also shown that 
when making the crotonaldehyde hydroxylamine (42) or methylamine (41), the only way 
to obtain product is to perform the reaction at temperatures below -1 O ·c, and as these 
compounds are not stable for extended periods of time, they need to be used 
immediately.42 As seen in the reactions using solvent, purification of the crude products 
was not feasible due to their high water solubility, so most of these analogs could not be 
prepared pure enough to subject to bromination reactions. 
The one exception was the cyclohexylimine of crotonaldehyde (44), which gave 
just a complicated mixture upon attempts both with and without ethanol solvent. 
However, further searching found a literature procedure for this compound using THF 
and molecular sieves, which when followed successfully prepared the imine in a 64% 
yield. There was not time to carry out bromination of this compound, and as there are 
no literature reports of this, the experiment may be one to explore in another project. 
There was one imine analog that was easily synthesized, which was crotonalde-
hyde 2,4-dinitrophenylhydrazone (46) (Figure 22). This reaction was carried out by 
dissolving 1.2 equivalents of 2,4-dinitrophenylhydrazine in MeOH at reflux and then 
adding 1 equivalent each of 6M HCI and crotonaldehyde to form the bright red 
crotonaldehyde dinitrophenylhydrazone product. After recrystallization, the purity of the 
compound was confirmed via melting point, 191.2-193.8 ·c (lit. m.p 195-197 °C).43 1H 
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Figure 22: Synthesis and bromination of crotonaldehyde 2,~dinitrophenylhydrazone. 
and 13C NMR spectral analysis indicated that the desired product was synthesized by 
the presence of aromatic signals past 7 ppm and 100 ppm, respectively (Appendix 
Spectrum XIII-XIV). However, the NMR analysis indicated the presence of a second 
closely related compound, that had all the same signals but slightly different shifts. This 
must indicate that both syn and anti isomers were obtained, with 7.5% of the product 
being the less stable syn isomer with the lower stability attributed to sterics. The spectra 
of the major (anti) isomer matched that of the literature.44 
Bromination reactions on croton dinitrophenylhydrazone were carried out with 
mixed results. The 1H NMR spectrum of the crude product indicated that bromination 
was successful, but not as desired (Appendix Spectrum XV). There was a brominated 
CH signal at 5.00 ppm integrating for 1 hydrogen atom, but it was split into a triplet, 
indicating that it was next to a methyl group. This was confirmed by a methyl doublet 
seen at 2.00 ppm. Additionally, the brominated CH was coupled to a vinylic doublet of 
doublets, which itself was coupled to another vinylic doublet of doublets (2"d splitting 
allylic). This suggested a CHJ-CH(Br)-CH=CH unit was present, which could only be 
explained by a rearrangement, resulting in a brominated azocompound (47) instead of 
the desired brominated hydrazine product (Figure 22). The 13C NMR spectrum also 
supports this conclusion. While this was not expected, there is literature precedence as 
the reaction of phenylketone phenylhydrazones with '2 and pyridine gave phenylazo-
37 
styrenes.45 A possible mechanism for the production of this compound would involve 
abstraction of the H atom from the N-H first, followed by a shift in the TT bond network to 
give the C-3 radical, which was trapped by the Br radical. This most likely occurs with 
this derivative since it puts the TT bond network of the crotonaldehyde portion directly in 
conjugation with the aromatic ring. 
One last analog was prepared that did not involve crotonaldehyde itself, which 
was 2-cyclohexen-1-one semicarbazone. This compound "contains" the crotonaldehyde 
semicarbazone subunit, but locks the carbons into a ring structure that should place the 
NH2 group of the semicarbazone far away from the allylic radical and prevent it from 
reacting intermolecularly (Figure 23). Cyclohex-2-en-1-one semicarbazone was made in 
44.1% yield with a literature confirmed melting point of 158.7-160.3 °C.46 Product 
formation was supported in the 1 H NMR spectrum by the presence of amino hydrogens 
at 9.18 ppm and a new carbonyl signal at 159 ppm in the 13C NMR (Appendix Spectrum 
XVI). Bromination of this compound was carried out using the standard procedure with 
0 
_H_~-:-lc .... ON_n)l""' 
48 2a 49 50 
Figure 23: Synthesis and bromination of 2-cyclohexen-1-semicarbazone. 
NBS and was successful as indicated by NMR spectroscopy with a 1 H peak at 6.25 
ppm, and a 13C signal at 54 ppm (Appendix Spectrum XVII). The remaining spectrum 
was too "dirty" to be interpreted clearly. 
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6. Arbuzov Reaction of Ethyl 4-Bromocrotonate 
As mentioned in the introduction, the brominated crotonaldehyde semicarbazone 
would next undergo an Arbuzov reaction to give the 4C linker phosphonate. As proof of 
concept and to explore the reaction conditions, an Arbuzov reaction on ethyl 4-
bromocrotonate was carried out (Figure 24). This reaction was highly successful giving 
a 91.7% yield. Product formation was confirmed by the presence of a 4H multiplet at 
0 
Br~OEt 
23b 
P(OEth O 0 
---; .. ~ II ~ II 
92% (Et0)2P~OEt 
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Figure 24: Arbuzov phosphorylation of 4-bromocrotonate. 
4.20 and a 6H triplet at 1.34 ppm, indicating the presence of the two ethoxy groups off 
the phosphorus (Appendix Spectrum XVIII). As well, there was a 2H multiplet at 4.12 
ppm in the 1 H NMR for the hydrogen on the carbon bearing the phosphorus, which is 
split by the vinylic hydrogens as well as the phosphorus atom itself. The presence of 
doublets in the 13C NMR at 137.33, 125.69, 61.13, and 30.39 ppm also indicated the 
successful attachment of the phosphonate group and were in agreement with 
literature.47 The GC/MS spectrum showed only one product (RT= 9.08 min), whose 
mass spectrum matched that in the spectral database. 
The next step in this process would be a Homer-Wadsworth-Emmons (HWE) 
reaction with a benzaldehyde derivative, using the diethylphosphonosemicarbazone 
instead of the diethylphosphonoester shown above. Drieding demonstrated that a HWE 
reaction with a phosphonosemicarbazone is feasible, in the synthesis of betalaines from 
a piperidine diester.48 Additionally, similar HWE reactions have used phosphono 
dimethylhydrazones and a linear dialdehyde to give an advanced intermediate in a 
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Diels-Alder route to form 2,2'-bipyridines,15 and a benzaldehyde in a path to annealated 
pyridines. Construction of conjugated tetraene hydrocarbon insect pheromones by 
direct aldehyde homologations follows a similar approach.49 Overall these literature 
examples suggest that HWE reactions of substituted imines should be feasible, and that 
if 4-phosphonocrotonaldehyde semicarbazone could be prepared, it could act as a 
viable 4C donor to make extended cinnamaldehydes. 
CONCLUSIONS AND FUTURE DIRECTION 
Literature research shows several approaches have been successful at 
brominating crotonaldehyde at the allylic position, however they all proceed by an 
indirect approach. Direct attempts at allylic bromination of crotonaldeyhde led to 
decomposition and recovery of a black substance. 50 In order to successfully brominate, 
the use of a protecting group was required to moderate the reactivity of the allylic 
system. Enamines, silyl enol ethers, and enol acetates of crotonaldehyde have provided 
a high degree of success for allylic bromination.51 · 52· 53 However the focus of this 
research was to find a simple, more direct route to making photochromic semicarb-
azones. Going through a protection-deprotection process of the carbonyl of 
crotonaldehyde, in order to successfully brominate, would greatly increase the 
complexity of the desired synthesis and would ultimately defeat the purpose. 
Direct allylic bromination with NBS has been successful with the ketone, 3-
penten-2-one, an analog of crotonaldehyde. 33 This fact supports the conclusion that the 
terminal aldehyde of crotonaldehyde is the culprit in the overreaction with NBS and 
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other halogenation compounds. This is supported by the fact that only one successful 
allylic bromination of an unsaturated aldehyde was found in literature. 54 However, the 
bromination of the DNP analog to give a conjugated azo compound also suggests that 
the middle NH group of the semicarbazone may also play a part in preventing the 
desired allylic bromination. 
After observing that either removing or sterically hindering the carbazone group 
allows the allylic bromination step of the reaction sequence to proceed, it becomes 
obvious that a simple radical bromination of crotonaldehyde semicarbazone with NBS 
will not work. It may be possible to modify the terminal amino end of the semicarbazone 
with some sort of protecting group or it may be possible to somehow brominate 
crotonaldehyde first and then attach the semicarbazone after. However, this future work 
would have to be completed in a separate research project. 
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EXPERIMENTAL 
2.1 Instrumentation and Methods 
All 1H and 13C NMR spectra were taken on a Bruker Avance 400 MHz NMR 
spectrometer using CDCb with 0.03% tetramethylsilane (1 H NMR) or CDCb (13C NMR) 
as a reference unless otherwise specified. All GC/MS analysis was carried out on a 
Shimadzu 002010 SE GCMS equipped with a 30 meter Shimadzu SHRXI - 5 mg 
column and run with the following specifications: 
• Flow rate - 1.56 mUmin 
• Oven program - 40 - 250 °c 
• Injection port temperature - 250 °c 
• Constant linear velocity - 45.0 cm/sec 
• Split injection w/ 20: 1 ratio 
Infrared (IR) spectroscopy analysis was carried out on a Nicolet Avatar 360 FT-IR 
instrument using NaCl plates (Nujol for solid samples). Melting points were acquired 
using a Mel-Temp Type II (uncorrected) instrument. 
Solvent removal was achieved via a vacuum, motorized rotary evaporation setup. 
All thin-layer chromatography (TLC) was carried out on EMO Silica gel 60 F2s4 plates 
using 0.5:9.5 (MeOH:CH2Cl2) as the developing solvent unless otherwise specified. TLC 
spots were visualized by either ultraviolet (UV) light or by employing a vanillin stain. 
All halogenation and Arbuzov phosphorylation reactions were carried out under a 
Nz or Ar atmosphere using oven/flame dried glassware. 
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2.2 Purification of Reagents and Solvents 
Acetonitrile was distilled over CaH2 and stored under a N2 atmosphere over 4 A 
MS. Benzene was distilled over Na and stored under a N2 atmosphere over 4 A MS. 
Crotonaldehyde was distilled under vacuum. 
2.3 Synthesis of o-methoxycinnamaldehyde semicarbazone (4b) BRE-1-322 
In a 125ml Erlenmeyer flask equipped with a stir bar, 1.71 g (12.6 mmol, 1.2 
equiv.) of Na0Ac•3H20 was dissolved in 10ml of MeOH. This was followed by the 
addition of 1.17 g (10.5 mmol, 1 equiv.) of semicarbazide HCI and 1.71 g (10.6 mmol, 1 
equiv.) of o-methoxycinnamaldehyde. The flask was gently warmed and stirred for 
approximately 3 minutes. The solid was collected via vacuum filtration, recrystallized in 
1 :1 (MeOH:H20), and air dried for two days. This yielded 1.65 g (7.53 mmol) of light 
orange o-methoxycinnamaldehyde semicarbazone (71.7%) with a melting point of 
198.2-200.9 °C (lit. m.p. 199 °C).ss 
2.4 Synthesis of crotonaldehyde semicarbazone (17a) BRE-1-81 23 
This reaction was performed multiple times following the same general procedure 
as above, where 1.3 equiv. (1.60 g, 11.8 mmol) of Na0Ac•3H20 and 1 equiv. (1.02 g, 
9.15 mmol) of semicarbazide HCI were dissolved in 20 ml deionized water in an 
Erlenmeyer flask. After the reactants fully dissolved, 1 equiv. (0.751 ml, 9.06 mmol) of 
crotonaldehyde was added via syringe to the flask and the reactants were mixed with 
gentle heating for approximately 3-5 minutes. The flask was removed from heat and the 
newly formed solid was collected via vacuum filtration. The crude product was 
recrystallized in 1 :1 (MeOH:H20) to give 1.12 g (8.81 mmol) of white crystalline solid 
(97.2% yield) with a melting point of 199.1-201.2 °C. (lit. m.p. 199.1 °C).23 
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1H NMR: 6 1.74 (3H, dd, J = 6.85, 1.71 Hz); 5.90 (1H, dq, J = 15.6, 6.50 Hz); 6.01 
(1H, ddd J = 15.7, 8.9, 1.2 Hz); 7.37 (1H, d, J = 8.88 Hz); 9.60 (1H, br s). 13C NMR: 6 
18.07, 128.32, 135.62, 143.23, 157.25. GC/MS (8.43 min): 127 (42), 111 (0.9), 83 (23), 
69 (100), 68 (64), 61 (42), 60 (46), 56 (45), 53 (20). 
2.5 Synthesis of Crotonaldehyde Thiosemicarbazone (17b) BRE-1-24 
This reaction was carried out as above using thiosemicarbazide instead of 
semicarbazide HCI. In an Erlenmeyer flask, 0.96 g (10.5 mmol, 1.0 equiv.) of 
thiosemicarbazide was dissolved in 20 ml of MeOH and combined with 0.86 ml of 
crotonaldehyde (10.4 mmol, 1.0 equiv.) and 1.71 g of sodium acetate trihydrate (12.6 
mmol, 1.3 equiv.). This yielded 1.1 g (7.68 mmol) of crude product which was 
recrystallized giving 1.02 g (7 .12 mmol) of a pale yellow solid (68.5% yield) with a 
melting point of 140.0-144.6 ·c (lit. m.p. 142-143 °C).24 
1H NMR: 6 1.87 (3H, d, J = 5.4 Hz); 6.05 - 6.25 (2H, m); 7.66 (1 H, d, J = 8.3 Hz); 
10.95 (1H, br s). 13C NMR: 6 18.55, 128.21, 139.07, 146.07, 177.89. 
2.6 Allylic Bromination of Crotonaldehyde Semicarbazone (19a) BRE-1-88 
This reaction was attempted 23 times (details in Tables 1.1-1.5) by dissolving 1 
equivalent (1.016 g, 7.99 mmol) of crotonaldehyde semicarbazone (2) and brominating 
agent in 15-20 ml of dry solvent in a round bottom flask with stir bar. A small amount of 
radical initiator was added. The brominating agent used was either 1 equiv. (1.42 g, 8 
mmol) N-bromosuccinimide (NBS) or 0.5 equiv. (1.14 g, 4.00 mmol) 1, 1-dibromo-5,5-
dimethylhydantoin (DBDMH), and the solvent was either dry benzene or dry acetonitrile. 
The free radical initiator was either tert-butyl peroxybenzoate (tBPB) or azobis-
isobutylnitrile (AIBN). This reaction was initially attempted with heating at reflux, but also 
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conducted in an ice bath and at room temperature. Light was provided from a 100-watt 
lamp to aid in free radical formation. This reaction went for varying lengths of time 
ranging from 1 hour to 24 hours and was monitored by TLC, which always showed five 
spots with higher Rt than 0.41 for (2) starting material, indicating multiple products were 
produced throughout the reaction. As reactions progressed, color change was observed 
going from deep reddish orange at the addition of brominating agent, to light orange, to 
yellow, and then to blackish orange when heat was added and reactions were allowed 
to run for extended periods of time. At the conclusion of the reactions, the mixture was 
washed with deionized water. The organic layer was dried over MgS04 and the 
benzene was removed via rotary evaporation, leaving behind an orange oil. In earlier 
experiments, this oil was extracted with ethyl ether, re-washed with water, dried over 
MgS04, and then rotovapped again. In later experiments, the ether extraction was not 
performed. The collected product was analyzed via 1H and 13C NMR and GC/MS. NMR 
spectra showed too many peaks to interpret and indicated several compounds were 
present, however, none of which were the desired brominated crotonaldehyde 
semicarbazone product. This was also confirmed in GC/MS spectra. 
2.7 Attempted Bromlnation of Crotonaldehyde Thiosemicarbazone (19b) BRE-1-35 
Crotonaldehyde thiosemicarbazone (3), 0.58 g (4.05 mmol,) was mixed with 0.94 
g (5.28 mmol, 1.3 equiv.) NBS in 15 ml CH3CN with 2 drops of tBPB in a 25 ml round 
bottom flask. The reaction was worked up after heating at reflux for 5 hours, and yielded 
too little product (-20 mg) for NMR analysis. The reaction was monitored by TLC using 
a 7 : 3 (toluene : ether) developing solvent and showed at least three different products, 
two with Rt lower than the starting material (Rt = 0.25) and one with a higher Rt. 
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2.8 Bromination of 1-Hexene (21) BRE-1-44-1 
In a 10 ml round bottom flask with stirring, 1.0 ml (8.1 mmol, 1 equiv.) of 1-
hexene was mixed with 5 ml of benzene. A spatula tip of Na2C03 was added, followed 
by 1.42 g (7 .98 mmol, 1 equiv.) of NBS and 1 drop of tBPB. After 1.5 hours, TLC (9.5 : 
0.5 MeOH : CH2Cl2) indicated two products were present with Rt of 0.78 and 0.89 (Rt 1-
hexene = 0.33). After 3 hours, the reaction was washed with deionized H20. The 
organic layer was dried over MgSQ4 and the benzene was removed by rotary 
evaporation, leaving a light orange oil. The resulting product was analyzed by NMR. 
(Note: A resulting product mass was mistakenly not taken for this reaction.) 1H and 13C 
NMR analysis yielded too many peaks for a complete interpretation. However, the 
spectra did indicate the presence of three products - both 1-bromo-3-hexene isomers 
as well as the rearranged 3-bromo-1-hexene. 28 The starting material was also present. 
trans-1-bromo-3-hexene. 1H NMR (CDC'3): 6 3.91 (2H, d, J(H,H) = 7.03 Hz), 
5.44-5.77 (2H, m); 13C NMR (CDC'3): 6136.5, 126.6, 34.2, 33.7, 22.1, 13.7 ppm. 
cis-1-bromo-3-hexene. 1H NMR (CDC'3): 6 5.98 (2H, d, J(H,H) = 8.28 Hz), 5.44 -
5.77 (2H, m): 13C NMR (CDC'3): 6 135.8, 125.5, 29.0, 27.4, 22.4, 13.8 ppm. 
3-bromo-1-hexene. 1H NMR (CDCl3): Z> 5.18 (d, J(H,H) = 7.06 Hz), 5.02 (1H, d, 
J(H,H) = 9.79 Hz), 4.46 (1H, q, J(H,H) = 7.78 Hz); 13C NMR (CDCl3): 6 139.6, 116.1, 
55.4, 40.8, 21.0, 14.0 ppm. 
2.9 Bromination of Methyl Crotonate using NBS (23a) BRE-1-44-11 
In a 10 ml round bottom flask with stirring, 1.0 ml (9.43 mmol, 1.0 equiv.) of 
methyl crotonate was dissolved in 5 ml benzene, along with a spatula tip of Na2C03, 
1.68 g (9.44 mmol, 1.0 equiv.) of NBS, and 1 drop of tBPB. TLC analysis (9.5 : 0.5 
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MeOH : CH2Cl2) showed some starting material (Rt = 0.47), but only one, reddish 
product spot (Rt= 0.78). After 3 hours, the reaction was washed with deionized water, 
and the organic layer was dried over MgSQ4 and rotovapped to remove the benzene. 
The product was analyzed by NMR. (Note: A product mass was mistakenly not taken.) 
1H and 13C NMR spectra analysis indicated starting material was present in a 2:1 
ratio with the product. (Spectral data was the same as reported in BRE-2-10, and is in 
agreement with literature data. 29) 
2.1 O Bromination of Methyl Crotonate using DBDMH (23a) BRE-2-1 O 
In a 25 ml round bottom flask, 2.023 g (7.08 mmol, 0.5 equiv.) DBDMH and 1 
scoopula of Na2C03 were added to 10 ml of benzene with stirring. After dissolving, 1.5 
ml (14.2 mmol, 1.0 equiv.) of methyl crotonate was added by syringe. After stirring for 
2.5 hours, the mixture was gravity filtered into a separatory funnel and washed with 
diethyl ether and deionized H20. The organic layer was collected, dried over MgS04, 
and diethyl ether was removed by rotary evaporation. The yellowish solid remaining 
weighed 0.608 g (3.40 mmol, 23.9% yield) and 1H NMR analysis indicated a 12:1 
mixture of starting material to product. 
1H NMR (CDCb): 0 7.02 (1H, dt, J(H,H) = 15.3, 7.4 Hz), 6.04 (1H, dm, J(H,H) = 
15.3 Hz), 4.01 (2H, dm, J(H,H) = 7.5 Hz), 3.77 (3H, s). 13C NMR (CDCb): 0 165.87, 
141.92, 124.11, 51.77, 29.01. GC/MS (12.24 min): 236 (54), 221 (1.7), 195 (0.7), 168 
(100), 167 (71), 77 (19), 68 (0.9), 41 (5.2). 
2.11 Synthesis of Ethyl Crotonate from Crotonoic Acid (22b) BRE-2-17 
In a 150ml round bottom flask equipped with a stir bar, 15.4 g (179 mmol, 1.0 
equiv.) crotonoic acid, 52.3 ml (895 mmol, 5.0 equiv.) ethanol (EtOH), and 1 ml (18.8 
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mmol, 0.1 equiv.) cone. H2SQ4 were combined with 20 ml of benzene. The flask was 
fitted with a Dean and Stark trap containing MgSQ4 as a drying agent. A condenser was 
fitted to the trap and the reaction was heated at reflux. After 16 hours, no starting 
material remained by TLC (9.5 : 0.5 MeOH : CH2Cl2). After cooling, the mixture was 
washed consecutively with equal amounts of deionized water and saturated NaHC03. 
The organic layer was dried over MgS04, and the benzene removed by rotary 
evaporation until approximately only 25% remained in the round bottom. The resulting 
concentrated reaction mixture was purified by fractional distillation with distillates being 
collected into 4 separate round bottom flasks using a "cow'' adapter. The fractions 
collected at 110.2 - 120 ·c (ethyl crotonate lit. b.p. 138 °C)56 yielded 9.50 g (76.4 mmol, 
46.5% yield) of product. 
1H NMR (CDCb): l> 6.95 (1H, dq, J(H,H) = 15.4, 6.85 Hz), 5.82 (1H, dq, J(H,H) 
= 15.6, 1.71 Hz), 4.16 (2H, q, J(H,H) = 7.09 Hz), 1.86 (3H, dd, J(H,H) = 6.85, 1.71 Hz), 
1.26 (3H, t, J(H,H) = 7.21 Hz). 13C NMR (CDCb): l> 166.48, 144.29, 122.78, 60.01, 
17.84, 14.21. IR (neat): 2982 (s), 1721 (s), 1663 (s), 1445 (s), 1186 (s), 1103 (s), 840 
(m), 742 (m), 682 (m) cm-.1 GC/MS (3.60 min): 114 (1.3), 100 (1.99), 99 (33.8), 96 (1.1), 
87 (2), 86 (5.4), 85 (0.9), 72 (0.5), 71 (2.5), 70 (5.4), 69 (100), 68 (7) 59 (0.6), 58 (0.5), 
57 (0.8), 55 (1.2), 53 (0.7) 
2.12 Bromination of Ethyl Crotonate {23b) BRE-2-18 
In a 50ml round bottom flask equipped with a stir bar, 2.5 ml (20.1 mmol, 1.0 
equiv.) of ethyl crotonate was combined with 23 ml of benzene. After stirring for a few 
minutes, 3.95 g (22.2 mmol, 1.1 equiv.) of NBS and 1 spatula tip of AIBN were added to 
the flask. A lamp with a 100-watt bulb was placed above the reaction for 1.5 hours. The 
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reaction was stirred for 36 total hours at room temperature, before gravity filteration into 
a separatory funnel and washing with diethyl ether and deionized water. The organic 
layer was collected, dried over MgS04, and the solvent was removed by rotary 
evaporation, leaving 0.632 g (3.27 mmol, 16.3% yield) of a clear oil. NMR and GC/MS 
showed a 1: 1 mixture of brominated product to starting material (RT = 3.61 ). 
Monobrominated product: 1H NMR (CDCb): ~ 6.99 (1H, m), 6.02 (1H, m), 4.20 
(2H, q, J(H,H) = 7.09 Hz), 4.00 (2H, dd, J(H,H) = 7.34, 1.22 Hz), 1.28 (3H, t, J(H,H) = 
7.09 Hz). 13C NMR (CDCb): ~ 165.48, 141.66, 124.63, 60.73, 53.46, 29.15, 14.16. 
GC/MS (6.36 min): 164 (23.1), 148 (4.6), 147 (66.1), 120 (1.3), 119 (18.4), 113 (14.1), 
107 (1.2), 99 (78.1), 95 (10.4), 85 (85.9), 79 (1.1), 69 (100), 68 (78.2), 66 (1.1), 55 (3.7). 
Dibrominated product: GC/MS (6.92 min): 231 (1.1), 227 (1.7), 201 (4.8), 194 
(2.3), 193 (29.9), 165 (5.5),147 (1.2), 121 (19.9), 120 (15.), 119 (8.9), 113 (1.3), 107 
(1.4), 99 (16.7), 93 (1.1), 85 (13.8), 71(1.9),69 (100), 68 (7.3), 67 (1.4), 55 (1.8). 
2.13 Chlorination of Crotonaldehyde Semicarbazone (17a) BRE-1-55 
To a 25ml round bottom flask equipped with a stir bar was added 1.0 g (7.87 
mmol, 1 equiv.) of crotonaldehyde semicarbazone (2), 12 ml of benzene, 0.775 g (3.93 
mmol, 0.5 equiv.) of 1,3-dichloro-5,5-dimethylhydantoin (DCDMH) and 1 drop of tBPB. 
The mixture was stirred for approximately 24 hours and checked by TLC (9.5 : 0.5 
MeOH : CH2Cl2), which indicated the presence of starting material (Rt = 0.41) and 3 
additional spots (2 higher and 1 lower than starting material). The reaction mixture was 
washed with deionized water and the organic layer was dried over MgS04. The 
benzene was removed by rotovap, leaving a yellow oil that was extracted with diethyl 
ether and washed with an equal amount of deionized water. The organic layer was 
49 
collected, dried over MgS04, and solvent removed by rotovap to give 0.45g of an oil 
{35.4% yield). NMR spectral analysis indicated several compounds were present in this 
reaction. However, there were no peaks correlating to the desired product. 
2.14 Synthesis of Methyl (2-Butenylidene)hydrazinocarboxylate (35) BRE-1-59-1 
In an Erlenmeyer flask equipped with a stir bar, 15.177 (111.6 mmol, 1.3 equiv.) 
Na0Ac•3H20and 8.439 g (93.7 mmol, 1 equiv.) methyl hydrazinocarboxylate were 
dissolved in 60 ml MeOH. Then 7.75 ml (93.5 mmol, 1 equiv.) of crotonaldehyde was 
added by syringe and the reaction stirred overnight before being placed in the freezer 
for several hours. The resulting solid was collected by vacuum filtration and air dried 
over night, yielding 6.6 g (46.5 mmol) of solid (49.7% yield) with a melting point of 
135.5-139.5 ·c. No reference melting point could be found for this compound. 
1H NMR: 61.81 (3H, dd, J = 6.85, 1.71Hz);3.74 (3H, br); 6.04 (1H, dq, J = 14.1, 
6.7 Hz); 6.19 (1H, dd, J = 15.2 Hz, 9.6 Hz); 7.61 (1H, d, J = 9.8 Hz); 9.46 (1H, s). 13C 
NMR: 6 18.31, 52.36, 128.33, 137.31, 147, and 154.88. GC/MS (7.68 min): 142 (45), 
141(10),127 (7.3), 126 (13), 111(1.0),101 (0.7), 83 (32), 76 (25), 68 (100), 67 (18), 59 
(36), 41 (42). 
2.15 Bromination of Methyl (2-Butenylidene)hydrazinocarboxylate (36a) BRE-1-61 
In a 25 ml round bottom flask equipped with a stir bar, 1.03 g (7.24 mmol, 1.0 
equiv.) of methyl (2-butenylidene)hydrazinocarboxylate was dissolved in 18 ml of 
benzene. To this flask was added 1.32 g (7.40 mmol, 1.0 equiv.) of NBS. The mixture 
was stirred at room temperature overnight with a 100-watt bulb placed over the reaction 
to promote radical formation. The reaction was gravity filtered into a separatory funnel 
and washed with deionized water. The organic layer was dried over MgS04, and 
50 
benzene was removed via rotovap to give 0.876 g of product. GC/MS spectrometry 
indicated that this reaction was successful, although more than one product was 
present. This was supported in NMR spectra, but was difficult to interpret clearly due to 
the presence of multiple products. 
dimer 1. 1H NMR (CDCb): l> 7.24 (1H, d, J(H,H) = 13.3 Hz), 4.93 (1H, dq, J(H,H) 
= 13.5, 6.8 Hz), 4.02 (3H, s), 1.93 (3H, d, J(H,H) = 6.5 Hz). 13C NMR (CDCb): l> 160.0, 
152.2, 146.8, 54.6, 24.6 ppm. GC/MS (8.27 min): 266 (2.3), 251 (1.6), 241 (1.1 ), 208 
(0.8), 142 (21), 141 (6.0), 140 (14), 76 (17), 75 (5.2), 59 (85), 41 (53). 
dimer 2. 1H NMR (CDCb): l> 6.61 (1H, dq, J(H,H) = 15.8, 6.9 Hz), 6.26 (1H, dq, 
J(H,H) = 15.9, 1.6 Hz), 4.17 (3H, s), 1.89 (3H, d, J(H,H) = 6.5 Hz). GC/MS (10.57 min): 
282 (0.6), 267 (0.5), 223 (52), 142 (35), 141 (20), 75 (17), 59 (66), 41 (58). 
bromide substitution product. GC/MS (9.71 min): 222 (6.5), 221 (94), 220 (8.2), 
219 (92), 189 (0.7), 146 (0.3), 141(7.5),140 (100), 119 (4.0), 93 (1.5), 59 (60), 41 (40). 
dibromide addition product. GC/MS (11.3 min): 304 (3.0), 303 (48), 302 (5.9), 301 
(100), 300 (3.9), 299 (51), 269 (7.8), 241 (0.8), 226 (1.1), 193 (0.4), 221 (44), 219 (43), 
141(89),140 (69), 109 (57), 101 (1.8), 82 (49), 59 (81). 
10:1 ratio of substitution to addition products in BRE-3-10. 
2.16 Chlorination of Me(2-Butenylidene)hydrazinocarboxylate (36b) BRE-1-67-11 
In a 10ml round bottom flask equipped with a stir bar, 0.378 g (1.92 mmol, 0.5 
equiv.) DCDMH was dissolved in 8 ml of benzene along with a spatula tip of AIBN 
followed by 0.521 g (3.67 mmol, 1.0 equiv.) of methyl (2-butenylidene)hydrazine-
carboxylate. The reaction was allowed to stir overnight at room temperature. The 
reaction mixture was gravity filtered into a separatory funnel and washed with ether and 
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deionized water. The organic layer was dried over MgS04 and the solvent was removed 
by rotovap to give 0.309 g of an oil. This product was determined by NMR and GC/MS 
to be only starting material and other trace compounds, but with no chlorinated product. 
2.17 Synthesis of Crotonaldehyde Hydrazone (in Solution) (40) BRE-1-76 
In a 125ml Erlenmeyer flask equipped with a stir bar, 2.03 g (14.9 mmol, 1.1 
equiv.) of Na0Ac•3H20and 0.951 g (13.9 mmol, 1.0 equiv.) hydrazine HCI were 
dissolved in 20 ml of MeOH. Then, 1.2 ml (14.5 mmol, 1.0 equiv.) of crotonaldehyde 
was added to the flask by syringe. After stirring for 5 minutes, the flask was placed in 
the freezer for several hours. The yellowish liquid was washed with diethyl ether and the 
organic layer was dried over MgSQ4. The ether was removed by rotovap, leaving 0.241 
g (2.87 mmol) of a yellowish oil behind in the flask. NMR analysis indicated no desired 
product was present in the resulting product mixture. This reaction was also performed 
in deionized water and 95% EtOH but yielded no product compound. 
2.18 Solventless Syntheses (General Procedure) 
One equivalent of crotonaldehyde and an amine were ground together in a 
mortar and pestle with no solvent, with the presence of either Na2C03 or powdered 
NaOH when the amine was an ammonium salt.41 Results were mixed when this method 
was utilized. Clear indicators were present that a reaction took place such as a vigorous 
effervescence and immediate color change. However, no solid material remained after 
washing with water, and NMR on the crude product was not interpretable. 
2.19 Synthesis of 2-Buten-1-imine (29) BRE-1-77 
In a 125 ml Erlenmeyer flask equipped with a stir bar, 1.4 ml (25.3 mmol, 1.3 
equiv.) 18M ammonium hydroxide and 1.66 ml (20.0 mmol, 1.0 equiv.) crotonaldehyde 
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were dissolved in 10 ml of MeOH. After one hour, no solid precipitate was observed. 
Using deionized water as the solvent or the solventless method did not yield a product. 
2.20 Synthesis of Crotonaldehyde Oxime (42) BRE-1-78 
In a 125ml Erlenmeyer flask equipped with a stir bar, 1.1 O g (8.09 mmol, 1.3 
equiv.) Na0Ac•3H20 and 0.431 g (6.20 mmol, 1.0 equiv.) of hydroxylamine HCI were 
dissolved in 15 ml of MeOH. By syringe, 0.50 ml (6.04 mmol, 1.0 equiv.) of 
crotonaldehyde was added and the resulting solid was collected by vacuum filtration 
giving 0.383 g. This reaction was repeated using deionized water as the solvent and in 
mortar and pestle technique as well, but neither attempt resulted in any product. 
2.21 Synthesis of Crotonaldehyde Oxime (42) using EbN BRE-2-4 
In a 1 OOml round bottom flask equipped with a stir bar 1.56 g (22.4 mmol, 1.0 
equiv.) of hydroxylamine hydrochloride (NH20H HCI) and 3.13 ml (22.4 mmol, 1.0 
equiv.) triethylamine (EhN) were dissolved in 20 ml of MeOH. Then, 1.90 ml (22.9, 
1.02 equiv.) of crotonaldehyde was added via syringe and the reaction heated at reflux 
for 1 hour with stirring. After cooling, the MeOH was removed by rotary evaporation. An 
attempt was made to wash the resulting yellowish, semi-solid with deionized water, but 
the solid dissolved completely. The water was removed by rotary evaporation, 
producing a light yellow, crystalline solid. This solid was recrystallized in 100% EtOH, 
giving 0.491 g of product. 1H NMR spectral analysis indicated no desired product was 
formed and that the vinylic hydrogens (4-7 ppm) were no longer present. 
2.22 Synthesis of N-Crotonylidenemethylamine (41) BRE-1-96 
In a 125ml Erlenmeyer flask equipped with a stir bar, 2.12 g (15.6 mmol 1.3 
equiv.) Na0Ac•3H20 and 0.695 g (10.3 mmol, 1.0 equiv.) methylamine HCI were 
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dissolved in 25 ml of 95% EtOH. After all solids were dissolved, 0.853 ml (10.3 mmol, 
1.0 equiv.) of crotonaldehyde was added by syringe and the reaction was stirred for 
approximately 10 minutes in an ice bath. Approximately 2 ml of deionized water was 
added slowly by pipette and the reaction was stirred for another 10 minutes in an ice 
bath. The solid formed was collected by vacuum filtration in a Buchner funnel giving 
0.898 g. The filtrate was poured into a round bottom flask and the EtOH was removed 
by rotovap forming a brown oil that was later determined not be product. This reaction 
was also carried out using the mortar and pestle technique without success. 
2.23 Synthesis of N-(2-Butenylidene)-1,2-ethanediamine (43) BRE-1-97 
In a 250ml round bottom flask equipped with a stir bar, 1.355 ml of ethylene 
diamine (20.1 mmol, 1.0 equiv.) was combined with 100 ml of absolute ethanol. A 
Claisen adapter was fitted to the flask with a condenser fitted to the side arm of the 
adapter and an addition funnel to the other arm. In a separate beaker, 1.67 ml (20.2 
mmol, 1.0 equiv.) of crotonaldehyde was added to 80 ml of absolute ethanol in an ice 
bath. The cold crotonaldehyde solution was added via the addition funnel dropwise. The 
addition funnel was replaced with a glass stopper and the mixture was heated to reflux 
for 2 hours. After cooling, the ethanol was removed by rotorary evaporation. Analysis of 
the resulting oil by IR spectroscopy and comparison to the IR spectra of crotonaldehyde 
and ethylene diamine starting materials showed no product was formed. 
2.24 Synthesis of Crotonaldehyde Cyclohexylimine (44) BRE-2-9 
The first attempt conducted by stirring overnight 3.30 ml (28.8 mmol, 1 equiv.) 
cyclohexylamine and 2.40 ml (29.0 mmol, 1 equiv.) crotonaldehyde in absolute ethanol 
was unsuccessful. 
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A second attempt (BRE 3-18) involved adding dropwise 1.40 ml (12.2 mmol, 
1.01 equiv) of cyclohexylamine to 1.0 ml (12.1 mmol, 1.00 equiv) of crotonaldehyde in 
10 ml of dry THF. After 55 minutes, a large scoopful of 4A molecular sieves were 
added and reaction stirred for 25 hr. The solution was filtered and the solvent removed 
by rotary evaporation to give 1.17g (7.75 mmol, 64.2% yield) of a dark brown oil. 
1H NMR (CDCb): ~ 7.85 (1H, d, J(H,H) = 8.3 Hz), 6.27-6.11 (2H, m), 2.98 (1H, tt, 
J(H,H) = 10.7, 4.0 Hz), 1.87 (3H, d, J(H,H) = 5.1 Hz), 1.82-1.74 (4H, m), 1.72-1.59 (6H, 
m). 13C NMR (CDCb): ~ 160.31, 139.73, 132.33, 69.36, 34.34, 25.53, 24.79, 18.25 
ppm. GC/MS (7.25 min): 151 (28), 150 (30), 136 (100), 122 (66), 110 (26), 108 (88), 
94 (72), 83 (24), 68 (79), 55 (96). 
2.25 Synthesis of Croton Dinitrophenylhydrazone (46) BRE-2-32 
In a 25ml round bottom flask equipped with a stir bar, 0.358 g (1.81 mmol, 1.2 
equiv.) 2,4-dinitrophenylhydrazine (DNPH) were dissolved in 10 ml MeOH using 10 
minutes of reflux. Once dissolved, 0.25ml 6M HCI (1.5 mmol, 1.0 equiv.) and 0.125 ml 
(1.51 mmol, 1.0 equiv.) of crotonaldehyde were added. A solid immediately formed 
within the solution and the flask was removed from heat, allowed to cool to room 
temperature, and placed into an ice bath. The bright red solid was collected by vacuum 
filtration and recrystallized in 3:1 MeOH:deionized water to give 0.267 g (1.01 mmol, 
66.7% yield) of purified solid with a melting point of 191.2-193.8 ·c. (Lit. m.p 195-197 
°C).43 There was 7.5% of the syn isomer present as well. 
Anti product. 1H NMR (CDCb): ~ 11.10 (1H, s), 9.12 (1H, d, J(H,H) = 2.45 Hz), 
8.32 (1H, ddd, J(H,H) = 9.55, 2.69, 0.73 Hz), 7.94 (1H, d, J(H,H) = 9.54 Hz), 7.75 (1H, 
d, J(H,H) = 8.56 Hz), 6.37 (1H, ddd, (J(H,H) = 15.41, 8.80, 1.22 Hz), 6.30 (1H, dd, 
SS 
J(H,H) = 15.65, 6.36 Hz), 1.98 (3H, dd, J(H,H) = 5.14 Hz). 13C NMR (CDCb): l> 150.09, 
144.84, 140.81, 137.95, 129.95, 127.88, 123.51, 119.62, 116.63, 18.84 ppm. (These 
matched spectra from literature.)44 
Syn product. 1H NMR (CDCb): l> 11.19 (1H, s), 9.15 (1H, d, J(H,H) = 2.7 Hz), 
8.35 (1H, ddd, J(H,H) = 6.3, 2.7, 0.75 Hz), 8.16 (1H, d, J(H,H) = 9.8 Hz), 7.98 (1H, d, 
J(H,H) = 3.9 Hz), 2.07 (3H, dd, J(H,H) = 4.9 Hz). 
2.26 Bromination of Croton Dinitrophenylhydrazone (47) BRE-2-33 
In a 10ml round bottom flask equipped with a stir bar, 0.206 g (0.823 mmol, 1.0 
equiv.) of croton dinitrophenylhydrazone (2-32) was dissolved in 8 ml of benzene. After 
addition of 0.149 g (0.837 mmol, 1.0 equiv.) of NBS and 1 spatula tip of AIBN, a 100-
watt light bulb was placed above the reaction for 30 minutes. After approximately 5 
hours of stirring at room temperature, the reaction was gravity filtered into another round 
bottom flask and the solvent was removed by rotary evaporation. NMR spectral analysis 
indicated that this reaction likely resulted in the brominated azoproduct being produced 
in a 1 :3 ratio to starting material and giving 63.2 mg (0.192 mmol, 23.3% yield). 
1H NMR (CDCb): l> 8.77 (1H, d, J(H,H) = 2.2 Hz), 8.51 (1H, dd, J(H,H) = 8.8, 2.4 
Hz), 7.71 (1H, d, J(H,H) = 8.8 Hz), 7.47 (1H, dd, J(H,H) = 13.4, 0.6 Hz), 7.37 (1H, dd, 
J(H,H) = 13.3, 8.4 Hz), 5.00 (1H, dqd, J(H,H) = 8.4, 6.7, 0.5 Hz), 2.00 (3H, d, J(H,H) = 
6.8 Hz). 13C NMR (CDCb): l> 150.78, 147.58, 144.84, 137.91, 129.12, 128.34, 127.68, 
120.07, 43.41, 28.71. 
2.27 Synthesis of Diethylurea (32a) BRE-1-8657 
In a 500ml beaker equipped with a stir bar, 5.0 ml of diethylamine (48.4 mmol, 
1.0 equiv.) and 10 ml of glacial acetic acid were added to 20 ml of deionized water. In 
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a 100 ml beaker, 3.17 g of NaNCO (48.7 mmol, 1.0 equiv.) was dissolved in 22 ml 
deionized water. The NaNCO solution was added dropwise to the diethylamine solution. 
After stirring for 20 minutes, the solution was acidified with concentrated HCI and the 
beaker was heated on a hot plate to boil to remove excess solvent. The resulting solid 
that came out of the concentrated solution was collected by vacuum filtration and 
allowed to air dry. The solid weighed 2.19 g with a melting point of over 250 ·c. 
2.28 Synthesis of N,N-Diethylsemicarbazide (33a) BRE-1-9258 
In a 50ml round bottom flask equipped with a stir bar, 1.79 g (27.2 mmol, 1.0 
equiv.) of hydrazine HCI was dissolved in 30 ml of 80% EtOH. To this was added, 2.06 
g (17.7 mmol, 0.65 equiv.) of prepared diethyl urea and 3.75 g (27.1 mmol, 1.0 equiv.) 
1<2C03. A condenser was fitted to the flask and the reaction was heated to reflux. After 
1.5 hours, 2 drops of 10% NaOH was added to the flask and the reaction was allowed 
to reflux overnight. The following day, after cooling to room temperature, the reaction 
mixture was gravity filtered into a pre-weighed 100 ml round bottom flask and excess 
solvent was removed by rotovap. However, no product was collected from this reaction. 
2.29 Synthesis of Dipropylurea (32b) BRE-1-9957 
In a 500ml round bottom flask equipped with a stir bar, 5.0 ml (36.0 mmol, 1.0 
equiv.) of dipropylamine was combined with 10 ml of glacial acetic acid and 20 ml of 
deionized water. In a separate, 100 ml beaker, 4.77 g (73.4 mmol, 2.0 equiv.) NaNCO 
was dissolved in 40 ml deionized water. The NaNCO mixture was slowly added to the 
500 ml round bottom flask, causing a foaming reaction. After 1.5 hours of stirring at 
room temperature-the majority of the water was removed by rotary evaporation. 1 H and 
13C NMR indicated that this reaction was successful. 
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1H NMR (CDCb): 6 8.66 (2H, br s), 2.78 (4H, t, J(H,H) = 7.96 Hz), 1.67 (4H, 
sextet, J(H,H) = 7.83 Hz), 0.91 (6H, t, J(H,H) = 7.45 Hz). 13C NMR (CDCb): 6 177.24, 
49.26, 22.97, 11.70 ppm. 
2.30 Synthesis of N,N-Dipropylsemicarbazide (33b) BRE-2-558 
In a 100ml round bottom flask, 4.76 g (72.3 mmol, 2.04 equiv.) of hydrazine HCI 
was dissolved in 50 ml of 80% EtOH. Added to this flask were 5.12 g (35.5 mmol, 1 
equiv.) of dipropylurea and 10.1 g (73.2 mmol, 2.06 equiv.) of K2C03. A condenser was 
fitted to the flask and the reaction was heated at reflux for 1.5 hours. Two drops of 10% 
NaOH solution were added to the reaction and the mixture was refluxed for another 30 
minutes. After cooling, the mixture was gravity filtered into a round bottom flask and 
some of the solvent was removed by rotary evaporation. The remaining solution was 
poured into a 400 ml beaker and placed on a steam bath to remove more of the solvent 
(approximately 25 ml) until a solid formed in the concentrated solution. After cooling to 
room temperature, the beaker was placed in an ice bath for 20 minutes. The resulting 
solid was collected by vacuum filtration on a Buchner funnel and weighed 1.54 g. The 
product was analyzed by 1H NMR using DMSO-ds, which showed that the desired 
product was not formed. 
2.31 Synthesis of 3-Penten-2-ol (26) BRE-2-1 32 
This preparation was carried out in two steps. The first step (formation of the 
Grignard reagent) was performed by placing 2.66 g (109.4 mmol, 1.5 equiv.) Mg in a 
100 ml three-neck round bottom equipped with a stir bar, then fitting the flask with a 
condenser, an addition funnel, and a septum. The apparatus was flame dried using a 
Bunsen burner. After drying, 20 ml of diethyl ether was added to the flask. 
58 
In a separate beaker, 4.50 ml (72.4 mmol, 1 equiv.) of iodomethane was mixed 
with 15 ml of diethyl ether. Using a syringe, 1.5 ml of the iodomethane solution was 
added in 0.5 ml portions to the three-neck round bottom flask through the septum to 
initiate the reaction. The remainder of the iodomethane solution was poured into the 
addition funnel and added dropwise to the flask. After all the iodomethane solution was 
added, the reaction was stirred for 30 minutes before continuing to the next step. 
In a beaker, 6.0 ml (72.4 mmol, 1.0 equiv.) of crotonaldehyde was mixed with 15 
ml of diethyl ether and was poured into the addition funnel and added dropwise. The 
reaction was stirred for 1 hour. The three-neck round bottom flask was placed into an 
ice bath before 30 ml of saturated NH4CI solution was added drop-wise via the addition 
funnel to neutralize the reaction solution. 
The reaction mixture was poured into a separatory funnel and two separate 
portions of diethyl ether were used to wash the flask. The combined ether portions were 
separated and dried over MgSQ4 before the ether was removed by rotary evaporation to 
leave a yellow-orange oil in the flask, weighing 3.98 g (46.3 mmol, 64.0% yield). 1H and 
13C NMR indicated the oil contained a 4:1 mixture of the desired product to 1,3-
pentadiene. 
1H NMR (product): 5 1.24 (3H, d, J = 6.0 Hz); 1.68 (3H, d, J = 6.3 Hz); 4.24 (1 H, 
quintet, 6.45 Hz); 5.20 (1 H, ddq, J = 15.4, 4.8, 1.4 Hz); 5.69-5.60 (1 H, m,) 13C NMR: 5 
135.34, 125.34, 68.56, 23.17, 17.50. (These matched spectra from literature.)59 
2.32 Synthesis of 2-Cyclohexen-1-one semicarbazone (49) BRE-2-8 
In the first attempt, 3.00 g (22.1 mmol, 1.19 equiv.) of Na0Ac•3H20and 2.06 g 
(18.5 mmol, 1 equiv.) of semicarbazide HCI were dissolved in 25 ml deionized water in 
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a 125 ml Erlenmeyer. After fully dissolving, 1.80 ml (18.6 mmol, 1 equiv.) of 2-
cyclohexen-1-one was added by syringe, forming a yellow-white solid. After cooling in 
an ice bath for 15 minutes, vacuum filtration afforded 1.05 g of solid. Recrystallization 
from 1 :1 MeOH: deionized water resulted in 0.612 g of solid that was not product 
according to NMR spectrum. 
In the second attempt (BRE 3-13), to a 25 ml round-bottomed flask equipped 
with a stir bar, 1.32 g (13.8 mmol, 1 equiv.) of 2-cyclohexen-1-one was dissolved in 
15.5ml of absolute ethanol.60· 61 To this was added a solution made by dissolving 1.89 
g (13.9 mmol, 1.01 equiv.) of Na0Ac•3H20and 1.56 g (14.0 mmol, 1.01 equiv.) of 
semicarbazide HCI in 4 ml deionized water. After the addition of 0.5ml of glacial acetic 
acid, the solution was heated at reflux for 6 hours. Once cool, the ethanol was removed 
by rotary evaporation, and the remaining aqueous solution was diluted with 15ml of 
H20 and extracted three times with 15ml of ethyl acetate. The organic layer was dried 
over MgS04, and concentration by rotary evaporation gave 0.930 g (6.07 mmol, 44.1 % 
yield) of a cream-white solid with a melting point of 158.7-160.3 ·c. (lit. m.p. 161 °C).46 
1H NMR (CDCb): lS 9.18 (1H, br s), 6.27 (1H, dt, J{H,H) = 10.1 Hz, 4.3 Hz), 6.13 
(1 H, dt, J(H,H) = 10.1 Hz, 1.9 Hz), 2.42 (2H, t, J(H,H) = 6.7 Hz), 2.19 (2H, tdd, J{H,H) = 
6.1 Hz, 4.3 Hz, 1.8 Hz), 1.84 (2H, quintet, J(H,H) = 6.4 Hz). 13C NMR (CDCb): lS 
175.88, 159.31, 149.10, 136.36, 127.50, 24.69, 24.06, 21.07. 
2.33 Bromination of 2-cyclohexen-1-semicarbazone (50) BRE-2-42-111 
In a 25ml round bottom flask equipped with a stir bar, 0.563 g (1.97 mmol, 0.5 
equiv.) DBDMH and 1 scoopula of Na2C03 were dissolved in 10 ml of benzene. Then, 
0.599 g (3.91 mmol, 1.0 equiv.) of 2-cyclohexen-1-semicarbazone was added to the 
60 
flask. The reaction was stirred for 2.5 hours at room temperature and checked by TLC 
before being gravity filtered into a separatory funnel and washed with ethyl ether and 
deionized water. TLC showed two distinct spots with Rt= 0.617 for the starting material 
and Rt= 0.681 for the product. The organic layer was collected and dried over MgS04. 
The solvent was removed by rotary evaporation, yielding 0.384 g of orange oil. Only 
part of the collected spectrum was interpretable for the desired product. 
1 H NMR: o 1.7 (2H, s); 2.5 (2H, s); 5.1 (1 H, s); 6.25 (1 H, m); 6.65 (1 H, d, J = 
10.24 Hz); 8.85 (1 H, s); 9.25 (1 H, s). 13C NMR: o 54, 53. 
2.34 Phosphorylation of Ethyl 4-Bromocrotonate (51) BRE-2-23 
In a 25ml round bottom flask equipped with a stir bar, 0.430 ml (3.12 mmol, 1.0 
equiv.) of ethyl-4-bromocrotonate and 0.410 ml (3.48 mmol, 1.1 equiv.) of trimethyl 
phosphite were combined with 10 ml toluene. The reaction mixture was heated at reflux 
for 16 hours. After cooling, the mixture was washed with dichloromethane and deionized 
water. The organic layer was dried over MgS04, and the solvent was removed by rotary 
evaporation, giving 0.636 g (2.86 mmol, 91.7% yield) of product. 
1H NMR (CDCb): o 6.88 (1 H, dt, J(H,H) = 15.4, 7.71 Hz, d J(H,P) = 23.1 Hz), 
5.97 (1H, dt, J(H,H) = 15.6, 1.52 Hz, d J(H,P) = 2.60 Hz), 4.20 (3H, q, J{H,H) = 7.48 
Hz), 4.12 (4H, m), 2.78 (2H, dd, J(H,H) = 7.96, 1.39 Hz, d J(H,P) = 22.93 Hz), 1.34 (2H, 
q, J(H,H) = 7.07, 2.53 Hz), 1.29 (3H, t, J(H,H) = 3.79 Hz). 13C NMR (CDCb): o 165.44, 
137.33 (d, J(C,P) = 11.0 Hz), 125.69 (d, J(C,P) = 13.9 Hz), 61.13 (d, J(C,P) = 6.6 Hz), 
30.39 (d, J(C,P) = 138.7 Hz), 16.24 (d, J(C,P) = 6.6 Hz), 14.05. (These matched 
spectra from literature.)47 GC/MS (9.078 min): 222 (4.03), 177 (51), 149 (62), 127 (20), 
124 (7), 109 (72), 93 (26), 79 (27), 55 (7). 
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Appendix Spectrum I: Crotonaldehyde semicarbazone. 
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Appendix Spectrum II: Crotonaldehyde thiocarbazone 
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Appendix Spectrum Ill: Brominated 1-hexene 
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Appendix Spectrum IV: Expanded 4-6 ppm region of brominated 1-hexene. 
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Appendix Spectrum V: Brominated methyl crotonate. 
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Appendix Spectrum VI: Ethyl crotonate 
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Appendix Spectrum VII: Brominated ethyl crotonate 
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Appendix Spectrum VIII: 3-penten-2-ol. 
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Appendix Spectrum IX: Dipropyl urea 
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Appendix Spectrum X: Crotonaldehyde methyl hydrazinocarboxylate. 
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Appendix Spectrum XI: Crotonaldehyde methyl (2-Butenylidene)hydrazinocarboxylate 
dimer. 
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Appendix Spectrum XII: Crotonaldehyde cyclohexyl imine 
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Appendix Spectrum XIII: Crotonaldehyde dinitrophenylhydrazone (DNP) 
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Appendix Spectrum XIV: Crotonaldehdye DNP syn- and anti- isomers. 
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Appendix Spectrum XV: Brominated crotonaldehyde DNP 
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Appendix Spectrum XVI: 2-cyclohexen-1-one-semicarbazone 
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Appendix Spectrum XVII: 4-bromo-2-cyclohexen-1-one-semicarbazone 
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Appendix Spectrum XVIII: Phosphorylated ethyl crotonate (Arbuzov) 
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